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Abstract: Vegetation plays a significant role in controlling soil erosion. However, the effects of each 
vegetation type on soil erosion have not been fully investigated. In order to explore the influence of 
multiple vegetation covers on soil erosion and surface runoff generation, 10 different vegetation 
types, typical of the Nverzhai small basin, have been selected for this study. Regional precipitation, 
surface runoff, and sediment yield were measured from 2007 to 2018. The wettest year recorded was 
2012. Recorded data confirmed that July was the wettest month in this region while January and 
December were the driest months. Furthermore, surface runoff and sediment yield associated with 
different vegetation types gradually decreased after 2013, which is the quantification of the 
consequences due to afforestation processes started in this area. Surface runoff and sediment content 
recorded for the configuration of sloping farmland were the largest between the different 
investigated vegetation types. The smallest were the broad-leaved mixed forest, the coniferous 
mixed forest, and shrubs. Finally, a significant linear positive correlation was found between rainfall 
and surface runoff, as well as sediment yield (R2 = 0.75). This suggests that climate change 
implications could be limited by using the more efficient vegetation covering. This research 
indicates that the ground cover is a key element in controlling soil and water loss, as well as 
vegetation measures, with high ground cover (i.e., broad-leaved trees). These measures should be 
strongly recommended for soil erosion control and surface runoff reduction. Moreover, these 
outcomes can be very helpful for vegetation restoration and water conservation strategies if 
implemented by local authorities.  
Keywords: vegetation; surface runoff; sediment yield; Nverzhai basin; Hunan province 
 
1. Introduction 
Surface runoff is associated with water that flows due to excess of stormwater, specifically when 
the soil is saturated to full capacity and the rain arrives quicker than the soil can absorb it [1,2]. During 
a rainfall event, the kinetic energy of the raindrops is the initial driver of the soil erosion, which is 
then typically aggravated by the intensity of the runoff generated under each rainfall condition [3]. 
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Soil erosion can cause serious damages to ecosystems such as forests, crops, or pastures [4] because 
by reducing the water holding capacity, nutrients, and valuable soil biota—essential for plants and 
animals—are lost. Due to climate change and consequent increase of rainfall intensities [5,6], the 
erosive power of rainfall is expected to gain a higher magnitude [7]. During the erosion process, the 
rain kinetic energy derives from the kinetic energy components of each single raindrop that strikes 
the soil [8]. These raindrops, falling directly into the soil, generate the dispersion of soil particles, 
which reduce the capacity of infiltration for the soil and increase the runoff [9]. Being an important 
part of water cycle in every forest ecosystem, the amount of runoff directly impacts the hydrological 
characteristics of each affected basin. This hydrological parameter is also an important indicator to 
measure, in each forest, the amount of water conservation, soil conservation, and flood peak 
reduction [10]. These are all important elements of the water balance. 
The coverage of surface vegetation is an effective way to control soil erosion caused by water 
[11,12] and its role can be divided into two components: (i) leaves and stems can help intercepting 
the raindrops reducing their kinetic energy and (ii) roots and litter can improve the physical and 
chemical properties of the soil, alleviating the erosion effect of rainfall and the effect of runoff on the 
soil [13,14]. To date, multiple studies conducted have demonstrated the capacity of forest vegetation 
to increase infiltration rates, providing an essential role for water conservation [15–23]. Moreover, 
additional work has been completed to further investigate runoff generation and the role that 
vegetation covers have on its magnitude and frequency [24–28]. The amount of runoff has been found 
to be affected by rainfall characteristics (size and intensity), vegetation conditions, soil topography, 
climate, and meteorological conditions and other soil characteristics [29–31].  
However, to date, research on forest runoff has focused mainly on large regions and large basins 
[32]. Thus, there is a lack in literature for research on long-term surface runoff in small basins. 
Additionally, there is a need to establish relationships between vegetation covers and soil erosion, 
with corresponding studies on artificial vegetation and planting methods of different crops [33]. 
To fill this gap, this work presents an analysis of the impact on runoff generation of 10 different 
vegetation types, collected in 12 years in the small basin of Nverzhai, Western Hunan. The paper is 
organized as follows: Section 2 introduces the field datasets collected describing the methods applied 
and the analysis conducted. Section 3 presents the effects of different vegetation covers on annual 
sediment yield and runoff. Section 4 provides a discussion of the results obtained. Lastly, Section 5 
produces a brief summary and concluding remarks of the whole study. 
2. Materials and Methods  
2.1. Study Area 
The experimental site was located in the small basin of Nverzhai (111°12′42.836″ E; 29°25′27.582″ 
N) in the Wuling mountain area of the Western Hunan Province, China (Figure 1). This site is in 
Liangxi village (Lingyang Town, Cili County, Zhangjiajie City, China) and it is about 7 km from Cili 
County, in the northwest direction. The basin belongs to the secondary tributary of Lishui. The total 
area of the basin is 2.81 km2. The lowest elevation (at the outlet of the main ditch) is 210 m, while the 
highest elevation is 917.4 m. Furthermore, the length of the main ditch is ≈ 1.2 km, and the 
longitudinal gradient of the main ditch is about 28.4 ‰. The forest area covers more than 80% of the 
entire basin and the types of vegetation in situ are typical of the Pinus massoniana forest, the 
Eucommia ulmoides forest, the Citrus reticulata forest, and miscellaneous shrub forests in the basin. 
In this area, the parent rock is a mainly sand shale and the soil types is a mainly red soil. All the 
experimental datasets collected for this study were gathered in proximity of the National Observation 
and Research Station of Cili Forest Ecosystem in Hunan Province. 
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Figure 1. Location of the case study in Hunan Province, China. 
2.2. Microclimate Monitoring 
To characterize the typical features of each forest configuration, the observation site had to be 
open. It was not influenced by dissimilar vegetation that could have complicated the quantifications 
of the measured variables. The distance between the observation site and the surrounding isolated 
obstacles had to be at least three times the height of the obstacles. Additionally, high pole crops could 
not be planted around to ensure regular air flow conditions. To achieve this, a fence with a height of 
1.2 m was set around the observation site. According to the standard of the National Meteorological 
Observatory Station, the area of each microclimate observation site had to be 25 × 25 m2. The site was 
maintained as flat and kept with a uniform layer of grass whose height could not exceed 20 cm. 
Moreover, no crops were allowed to be planted. Air temperature (maximum, minimum), air 
humidity (dry bulb temperature, wet bulb temperature), ground temperature (maximum, minimum), 
temperature in the soil at 5 cm, 10 cm, 15 cm, and 20 cm, wind speed, wind direction, evaporation, 
and precipitation were recorded at each site location.  
2.3. Surface Runoff and Sediment Yield Measurement 
The surface runoff measurements collected for this study were based on the national standard 
procedure of the People's Republic of China called “Methodology for field long-term observation of 
forest ecosystem (GB33027-2016)". According to different vegetation types, three 100 m2 fixed slope 
runoff plots were setup to monitor slope runoff and sediment. The runoff area on the slope was 5 m 
wide (parallel to the contour line) and 20 m long (horizontal projection along the slope). A 2 m wide 
isolation protection belt was left around the runoff area on the slope (Figure 2). The water collecting 
tank was located at the water-retaining wall downstream the runoff area. As a supplementary 
monitoring method to the fixed runoff area procedure, the size of the temporary runoff area was 5×10 
m2. The long side was perpendicular to the contour line and the short side was parallel to the contour 
line. The surface runoff was measured with a QT-50 ml tipper type surface runoff meter. 
The calculation formula for the surface runoff converted to forest land is displayed as follows 
(1): 
Sr = (P×α/1000)/(A/10,000)                                                      (1) 
where: Sr is the surface runoff of forest land (t/hm2); P is the runoff of runoff plot (m3); α is the 
concentration (g/mL) (the calculation method is presented in Equation (3)); A is the area of the runoff 
plot (m2); and 1000 and 10,000 are unit conversion coefficients. 
To measure the sediment yield (equations 2-4), there was a collection tank (Figure 2) in the 
slope’s runoff area, which was used to collect surface runoff. The area of the collection tank was fixed. 
After each rainfall, a steel ruler was used to measure the water depth to obtain the volume of surface 
runoff. After, water in the collection tank was fully mixed and a sample of the mixed solution was 
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taken and filtered. The sediment collected was dried at 105 °C for 12 hours and weighed to obtain the 
volume of sediment content. Finally, this value was firstly related to the total amount of volume in 
the collection tank to obtain the sediment content collected and secondly to the total runoff area per 
hectare.  
 
 
Figure 2. Scheme of the experimental setup. 
These are the formulae used to quantify the sediment content: 
 
G = G1-G2-g                                                                     (2) 
 
α = g/500                                                                       (3) 
 
St = α×R/(A/10,000)                                                               (4) 
 
where: G is the weight of sediment in the sampling bottle (g); G1 is the weight of filtered paper with 
sediment (g); G2 is the weight of the paper (g); g is the weight of the container with filtered paper (g); 
α is the sediment concentration (g/mL); St is the total amount of sediment in the forest land (t/hm2); 
R is the volume of sediment in the inner diameter of the collecting tank (mL); A is the area of the 
runoff plot (m2); and 10,000 is a conversion coefficient. 
2.4. Vegetation Types 
Different vegetation types were considered for this study. The list included slope farmland (SF-
Figure 3a); Eucommia ulmoides forest (EUF-Figure 3b); Vernicia fordii forest (VVF); broad-leaved 
secondary forest (BLMF); wasteland (WL); citrus reticulata forest (CRF-Figure 3c); Pinus massoniana 
forest shrub (PMF); coniferous and broad-leaved mixed forest (CBMF); and broad-leaf mixed forest 
Forests 2020, 11, 329 5 of 19 
 
(BMF-Figure 3d). Crucial parameters typical of each configuration are listed and summarized in 
Table 1. 
 
 
Figure 3. (a) Slope farmland (SF); (b) Eucommia ulmoides forest (EUF); (c) citrus reticulata forest (CRF); 
and (d) broad-leaf mixed forest (BMF).
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Table 1. Overview of different vegetation types in Nverzhai small basin. 1 
Plant Types 
Stand 
Age 
(a) 
Canopy 
Density 
Slope
(%) 
Soil 
Bulk 
Density 
(g /cm3) 
Soil 
Porosity 
(%) 
 
pH 
Organic 
Matter 
Content 
(g/kg) 
Total N 
Content 
(g/kg) 
Total P 
Content 
(g/kg) 
Total K 
Content 
(g/kg) 
Available 
Nitrogen 
(mg·kg-1) 
Available 
Phosphorus 
(mg·kg-1) 
Available 
Potassium 
(mg·kg-1) 
Sloping farmland (SF) - - 34.43 1.45 35.68 5.1 1.36 0.87 0.98 27.46 66.92 2.79 112.82 
Eucommia ulmoides forest (EUF) 26 0.62 34.43 1.41 36.33 5.5 23.43 1.55 1.11 39.95 83.58 1.25 90.37 
Vernicia fordii forest (VFF) 35 0.65 44.53 1.33 38.24 5.2 15.36 1.00 0.06 38.54 58.26 2.81 117.89 
Broad leaved secondary forest 
(BLMF) 
43 0.71 46.63 1.24 37.54 4.9 27.41 2.14 0.11 36.54 122.68  10.58  160.31  
Wasteland (WL) - - 38.39 1.27 40.21 5.0 40.76  2.38  0.09  35.64 72.66  12.27  55.49  
Citrus reticulata forest (CRF) 13 0.67 36.4 1.22 41.58 4.9 18.96 1.32 0.92 28.95 86.38 4.28 42.97 
Pinus massoniana forest (PMF) 40 0.75 46.63 1.18 42.36 4.4 27.22 1.11 0.38 34.77 83.86 0.73 27.38 
Shrub (SR) - 0.99 40.40 1.03 47.23 5.0 13.96 0.90 0.09 37.54 56.30 3.06 60.24 
Coniferous and broad-leaved 
mixed forest (CBMF) 
13 0.85 36.40 1.05 45.68 4.9 14.65 0.95 0.64 41.24 57.40 3.80 64.12 
Broad-leaf mixed forest (BMF) 13 0.88 36.40 1.02 46.35 4.8 16.92 1.29 0.68 26.26 82.88 0.61 62.93 
2 
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3. Results 
3.1. Characterization of Rainfall Patterns in the Nverzhai Basin 
Figure 4 shows the rainfall variations from 2007 to 2018 in the basin of Nverzhai. The values in 
Figure 5 confirms that the 12-year rainfall rates in the Nverzhai basin were within 1007.30–1975.47 
mm, with the wettest year in 2012 and the “driest” years in 2009 and 2011, when the rainfall was 
recorded to be below 1100 m. The average rainfall was 1373.84 mm in the first five monitored years 
(2007–2011) and 1622.51 mm in the last seven monitored years (2012–2018). The trend highlighted 
during the last seven years confirms how rainfall is relatively constant within values typical of wet 
years. This may also be due to the effects provided by the afforestation process established within the 
area, which may have contributed to improve the local climate. Although some authors believe that 
these considerations may be correct, it is possible that the short time period (2012–2018) was too short 
and that more times is needed to characterize rain pattern changes.  
 
 
Figure 4. Average annual rainfall in Nverzhai Basin from 2007-2018. 
Focusing on the contribution within each month, as shown in Figure 3, the highest value of 
rainfall recorded was for July (243.93 ± 129.70 mm) while the lowest rainfall value was obtained in 
January and December (43.64 ± 27.42 mm and 34.63 ± 19.38 mm, respectively). The collected datasets 
show how rainfall gradually increased from January to the highest value in July, then decreased until 
December. The rainfall recorded in July was 5.59 and 7.04 times higher than the one recorded in 
January and December.  
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Figure 5. Annual rainfall in Nverzhai Basin, China. 
3.2. Contribution of Different Vegetation Covers to Runoff Generation 
Figure 6 shows how vegetation cover changed over the investigated time period (2007–2018). 
Table 2 displays the contribution to runoff generation of each forest type. Figure 7 presents values of 
surface runoff generated by each vegetation type. Our results (Table 3) confirmed that the surface 
runoff contribution caused by slope farmland is the largest, whereas the surface runoff generated by 
the broad-leaved mixed forest is the smallest.  
 
 
Figure 6. Percentage (%) of vegetation types from 2007 to 2018. 
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Table 2. Percentage (%) of vegetation types from 2007 to 2018. 
Plant Types 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Sloping farmland 
(SF) 
9.36  10.82  26.77  47.30  18.78  20.13  15.68  14.16  15.55  27.15  25.19  
Eucommia 
ulmoides forest 
(EUF) 
20.24  18.73  25.47  10.94  17.27  14.78  16.35  14.78  24.16  13.40  13.84  
Vernicia fordii 
forest (VFF) 
21.41  32.09  10.00  12.94  8.99  14.08  28.62  31.02  16.55  12.98  13.44  
Broad leaved 
secondary forest 
(BLMF) 
5.98  9.58  10.10  9.50  15.15  11.30  10.01  7.72  13.61  16.15  16.10  
Wasteland (WL) 12.49  2.52  8.79  1.96  14.11  13.98  7.33  10.37  5.40  2.87  2.70  
Citrus reticulata 
forest (CRF) 
11.40  5.19  5.20  5.44  11.91  11.06  7.54  8.41  9.97  8.59  9.01  
Pinus massoniana 
forest (PMF) 
10.36  9.95  6.97  5.18  6.59  6.25  5.90  6.54  5.85  8.21  8.66  
Shrub (SR) 0.40  8.97  3.44  5.10  3.86  4.71  7.25  5.18  7.12  8.74  9.29  
Coniferous and 
broad-leaved 
mixed forest 
(CBMF) 
3.14  0.84  2.06  0.76  2.42  2.81  0.31  0.83  1.23  1.28  1.23  
Broadleaf mixed 
forest (BMF) 
5.21  1.31  1.19  0.88  0.92  0.89  1.01  1.01  0.54  0.62  0.56  
 
However, averaged contribution was higher on the first half of the period recorded (2007–2013, 
575.18 t/hm2), while in 2014–2018 the averaged value was 264.86 t/hm2 (2.17 times smaller). Between 
2007–2013, the average surface runoff caused by the broad-leaved mixed forest was 36.94 t/hm2, while 
between 2014–2018 it was 11.53 t/hm2 (2.79 times smaller). All the contributions due to other 
vegetation covers confirmed this trend (Figure 6). Averaging the contributions from each vegetation 
type, the surface runoff recorded after 2013 decreased by 41.91%. The average value recorded in the 
first period (2007–2013) reinforced the fact that the applied afforestation within the area supported 
the recovery and continuous growth of the original forest vegetation, which enhanced water 
conservation and soil fixation, and weakened the erosion ability of rainfall.  
 
Figure 7. Contribution to runoff generation due to different vegetation covers. 
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Table 3. Contribution to runoff generation due to different vegetation covers (t/hm2). 
Plant types 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Sloping farmland 
(SF) 
185.60  105.20  873.80  857.00  745.50  684.00  246.50  275.50  335.40  256.34  210.54  
Eucommia ulmoides 
forest (EUF) 
401.13  182.00  831.40  198.20  685.60  502.00  257.08  287.50  521.00  126.50  115.65  
Vernicia fordii 
forest (VFF) 
424.30  311.90  326.50  234.50  356.80  478.50  450.00  603.50  357.00  122.54  112.34  
Broad leaved 
secondary forest 
(BLMF) 
118.60  93.10  329.70  172.20  601.20  383.90  157.30  150.20  293.60  152.50  134.56  
Wasteland (WL) 247.60  24.50  286.90  35.50  559.90  474.80  115.30  201.70  116.50  27.10  22.56  
Citrus reticulata 
forest (CRF) 
225.88  50.40  169.70  98.50  472.70  375.92  118.50  163.60  215.00  81.10  75.33  
Pinus massoniana 
forest (PMF) 
205.36  96.70  227.40  93.90  261.60  212.50  92.80  127.20  126.20  77.50  72.35  
Shrub (SR) 8.00  87.20  112.30  92.50  153.10  159.96  114.00  100.80  153.60  82.50  77.65  
Coniferous and 
broad-leaved 
mixed forest 
(CBMF) 
62.15  8.20  67.20  13.80  96.10  95.50  4.80  16.20  26.60  12.10  10.24  
Broadleaf mixed 
forest (BMF) 
103.34  12.70  38.80  15.90  36.70  30.40  15.90  19.60  11.60  5.90  4.65  
 
The overall runoff contribution for each vegetation types is shown in Figure 8. It is possible to 
see that Sloping Farmland supplies the largest annual mean surface runoff (434.13 ± 108.50 t/hm2), 
and this configuration is followed by Eucommia ulmoides forest (373.46 ± 96.02 t/hm2) and Vernicia fordii 
forest (343.44 ± 41.25 t/hm2). On the other side, the smallest contribution is due to the broad-leaved 
mixed forest (26.86 ± 11.56 t/hm2), coniferous and broad-leaved mixed forest (37.54 ± 8.03 t/hm2), and 
shrub (103.78 ± 21.52 t/hm2).  
Comparing these values, it is possible to state that the average annual surface runoff generated 
by sloping farmland is 16.46 times higher than the contribution due to broad-leaved mixed forest. 
This confirms that the sloping farmland option is more likely to produce soil erosion, while mixed 
forest land and broad-leaved mixed forest have stronger soil and water conservation capacity.  
There are a large number of layers and plants for shrub configurations, which increase the 
roughness of the ground. This justifies why runoff values recorded for this vegetation type are not 
significant. However, sloping farmland areas are characterized by relatively smooth surfaces and 
higher slopes than other vegetation types, which are both conditions that facilitate surface runoff 
generation. Hence, in areas affected by continuous soil erosion, it is suggested to plant a variety of 
vegetation types such as broad-leaved mixed forests. 
 
Figure 8. Comparison of annual mean surface runoff of different vegetation types. 
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3.3. Contribution of Different Vegetation Types to Annual Sediment Yield  
The annual sediment yield and the contributions from each vegetation type between 2007–2018 
are shown in Figure 9. Overall, from 2007 to 2013, the annual sediment yield of different vegetation 
types was relatively large and the highest annual sediment yield was 175.19 t/hm2, as recorded in 
2012 (Table 4). After 2013, the annual sediment yield of different vegetation types slightly reduced 
and the annual sediment yield was below 120 t/hm2, which confirmed that the soil loss had slowed 
down in recent years. Moreover, the sediment yield of the basin has reached a stable point under 
control. By comparing contributions provided by different vegetation types (Table 5), the annual 
sediment yield of sloping farmland was the largest (35.38 t/hm2 and 32.04 t/hm2 in 2007–2013 and 
2014-2018, respectively), while the contribution from broad-leaved mixed forest was the smallest 
(2.05 t/hm2 in 2007–2013 and 0.15 t/hm2 in 2014–2018). The annual sediment yield in 2018 was 70.39% 
less than the one recorded in 2012. This value is a clear sign that due to the recent recovery and growth 
induced by the afforestation, the surface erosion slowed, sediment content significantly reduced, and 
soil developed stronger capabilities to store and conserve water.  
 
 
Figure 9. Annual sediment yield for each vegetation type between 2007 and 2018. 
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Table 4. Annual sediment yield from each vegetation type between 2007 and 2018 (t/hm2). 
Plant Types 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Sloping 
farmland (SF) 
32.60  8.67  48.00  35.00  45.00  43.00  26.13  54.00  56.00  43.07  33.65  
Eucommia 
ulmoides forest 
(EUF) 
9.02  1.90  7.55  2.45  14.01  5.42  4.27  4.75  11.22  1.64  1.47  
Vernicia fordii 
forest (VFF) 
12.11  5.30  26.71  2.25  34.40  34.30  11.61  13.36  16.14  6.33  5.77  
Broad leaved 
secondary forest 
(BLMF) 
6.46  5.24  17.43  8.27  32.61  22.83  8.43  21.63  17.45  6.71  5.89  
Wasteland (WL) 2.27  0.21  3.33  0.52  7.20  4.75  1.36  2.64  1.58  0.22  0.22  
Citrus reticulata 
forest (CRF) 
41.35  3.54  3.16  2.60  33.37  10.24  4.55  13.87  11.30  2.06  1.88  
Pinus massoniana 
forest (PMF) 
7.84  1.31  2.86  1.72  5.42  4.82  2.13  3.48  2.78  2.05  1.88  
Shrub (SR) 0.09  0.80  1.00  1.06  1.84  1.92  1.85  2.06  2.06  1.16  1.05  
Coniferous and 
broad-leaved 
mixed forest 
(CBMF) 
3.49  0.12  0.64  0.15  0.95  15.06  0.02  0.39  0.54  0.12  0.06  
Broadleaf mixed 
forest (BMF) 
10.58  0.29  0.59  0.18  0.40  0.24  0.17  0.36  0.16  0.06  0.02  
Table 5. Contributions from each vegetation type between 2007 and 2018 (%). 
Plant Types 2007 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 
Sloping 
farmland (SF) 
25.91  31.66  43.14  64.58  25.69  30.16  43.17  46.34  46.97  67.91  64.86  
Eucommia 
ulmoides forest 
(EUF) 
7.17  6.93  6.78  4.52  8.00  3.80  7.05  4.08  9.41  2.59  2.83  
Vernicia fordii 
forest (VFF) 
9.63  19.36  24.01  4.15  19.64  24.06  19.18  11.46  13.54  9.98  11.12  
Broad leaved 
secondary forest 
(BLMF) 
5.13  19.13  15.66  15.25  18.61  16.01  13.93  18.56  14.63  10.58  11.35  
Wasteland (WL) 1.80  0.77  3.00  0.95  4.11  3.33  2.25  2.26  1.33  0.35  0.43  
Citrus reticulata 
forest (CRF) 
32.87  12.93  2.84  4.79  19.05  7.18  7.52  11.90  9.48  3.25  3.62  
Pinus massoniana 
forest (PMF) 
6.23  4.79  2.57  3.18  3.09  3.38  3.53  2.98  2.33  3.23  3.61  
Shrub (SR) 0.07  2.91  0.90  1.96  1.05  1.35  3.06  1.76  1.72  1.82  2.03  
Coniferous and 
broad-leaved 
mixed forest 
(CBMF) 
2.77  0.43  0.58  0.28  0.54  10.56  0.04  0.33  0.45  0.19  0.12  
Broadleaf mixed 
forest (BMF) 
8.41  1.07  0.53  0.33  0.23  0.17  0.27  0.31  0.14  0.10  0.03  
 
The overall contribution to sediment yield due to different vegetation types is shown in Figure 
10. It can be seen from Figure 10 that the sediment content in sloping farmland is the largest (38.64 ± 
8.91 t/hm2), it is followed by the Vernicia fordii forest (15.30 ± 5.98 t/hm2) and the broad-leaved 
secondary forest (13.90 ± 3.65t/hm2). The smallest contribution is associated to the broad-leaved 
mixed forest (1.19 ± 0.98 t/hm2), the shrub configuration (1.35 ± 0.61 t/hm2), and the coniferous broad-
leaved mixed forest (1.96 ± 0.25 t/hm2), which is not far from the contribution of the wasteland 
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configuration (2.21 ± 0.10 t/hm2). The sediment content of sloping farmland is 32.57 times higher than 
the rate generated by the broad-leaved mixed forest. This certifies that sloping farmland is more likely 
to produce soil erosion, which produces a large number of surface runoff that results in an increase 
of soil loss. Mixed forest land (broad-leaved mixed forest is the strongest), however, has strong soil 
and water conservation capacity. 
 
Figure 10. Comparison of annual sediment yield of different vegetation types. 
3.4. Surface Runoff and Sediment Yield vs Rainfall Relationships 
It can be seen from Figure 11 that there could be an approach to a linear correlation between 
rainfall and surface runoff (R2 = 0.36). When the surface runoff is 97.19 t/hm2, the rainfall is 1028.72 
mm. As the rainfall increases, the surface runoff also increases. When the rainfall is 1856.60 mm, the 
surface runoff is 326.37 t/hm2 and when the rainfall is 1975.47 mm, the surface runoff is 396.92 t/hm2. 
This proves that the formation of surface runoff could be directly related to the size of rainfall. In 
order to reduce the direct erosion induced by the rainfall on the surface, a large number of trees with 
strong impact resistance (such as broad-leaved trees, with more litter) should be planted, to increase 
the surface roughness and reduce water and soil loss. However, the interaction rainfall-runoff is 
dynamic and depends on the relationship between rain intensity, soil infiltration, and surface storage. 
Runoff occurs whenever rain intensity exceeds the infiltration capacity of the soil, providing there 
are no physical obstructions to surface flow. Considering the complexity of this dynamic interaction, 
peaks observed outside the trend identified could be influenced by one of these factors.  
 
Figure 11. Relationship between rainfall and surface runoff. 
It can be seen from Figure 12 that there may be a linear correlation between rainfall and annual 
sediment yield (R2 = 0.35). When the annual sediment yield is 2.74 t/hm2, the rainfall is 1028.72 mm. 
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With rainfall increases, the annual sediment yield increases gradually. When the rainfall is 1856.60 
mm, the annual sediment yield is 11.13 t/hm2; when the rainfall is 1975.47 mm, the annual sediment 
yield is 17.52 t/hm2. This shows that the formation of sediment yield is directly related to the amount 
of rainfall.  
Datapoints observed outside the linear trend identified in Figure 12 could be justified by the 
properties of the rainfall which could not be measured or quantified at this stage. Weather conditions 
could influence both suspended sediments on the ground and the kinetic energy of raindrops. Both 
factors could interfere with the accurate quantification of sediment yield. Eroded sediment particles 
can collide and break into smaller fragments, and conditions of the soil surface may interfere with 
the movement of these particles. Overall, runoff and sediment yield were sensible to the variations 
of precipitation. 
 
Figure 12. Relationship between rainfall and annual sediment yield. 
Finally, it is possible to observe from Figure 13 that there is a significant positive correlation 
between surface runoff and annual sediment yield (R2 = 0.75). When the annual sediment yield is 2.74 
t/hm2, the surface runoff is 97.19 t/hm2. With the increase of surface runoff, the annual sediment yield 
increases gradually. When the surface runoff is 396.92 t/hm2, the annual sediment yield is 17.52 t/hm2. 
This confirms that the formation of sediment yield is not only directly related to rainfall but may be 
also associated with hydraulic processes of surface runoff. 
 
Figure 13. Relationship between annual surface runoff and annual sediment yield. 
Different vegetation types and different land uses are key factors that influence sediment yield 
and runoff. However, results highlighted in Figure 13 confirms that the sediment transport to 
watercourses is strongly related to the runoff generation. Therefore, the watershed sediment response 
may depend on the location and spatial distribution of water source areas. 
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4. Discussion 
4.1. Impact of Vegetation Types on Surface Runoff Generation 
Results obtained in this study confirm the benefits that afforestation can cause, such as reducing 
surface runoff and sediment yield. Sloping farmlands were found as the worst-case scenario because 
surface runoff and annual sediment yield are the largest measured between the investigated forest 
typologies. Broad-leaved mixed forests and shrubs, meanwhile, are the best-case scenario for the 
purposes studied. These results provide an additional understanding that enriches peculiar aspects 
already found in literature by Yu et al. [34], where the effect of contour grass hedges on soil and water 
loss control was studied in sloping farmland in Beijing. It was found that under natural precipitation, 
Pennisetum alopecuroides hedgerow reduces surface runoff by 72.7% and soil loss by 86.3%. Arundinella 
hirta hedgerow reduces surface runoff by 53.8 % and soil loss by 64.1%. Moreover, Atucha et al. [35] 
found that retaining weed strips between rows can effectively prevent and control soil and water loss 
in orchards of Chilean avocado, with an average reduction of the surface runoff of 61.1% and soil 
erosion of 99.5%. Lenka et al. [36] found that the use of weed strips can prevent and control soil 
erosion of peanut and corn fields caused by precipitation in Northeast India, with an average 
reduction of 78.3%. This confirms that the smaller the slope, the less surface will be exposed to 
erosion. Further, the smaller the slop, the smaller surface runoff and annual sediment yield will 
be[37]. These previous studies are consistent with the results of this work because broad-leaved 
mixed forests and shrubs have high surface coverage and small slopes. As a consequence, annual 
surface runoff and annual sediment yield are small.  
Wang et al. [1] previously simulated the variation of surface runoff for Quercus acutissima forests 
and found that it was smaller than the surface runoff measure for grassland. This study also found 
that the surface runoff and sediment yield associated with vegetation covers characterized by large 
surface areas such as shrubs and broad-leaved mixed forests were smaller than those measured for 
forests with small surface coverage such as sloping farmland. This is because the surface of the first 
configuration is typically covered by a large number of vegetation and litter, which is why rainwater 
that reaches the ground is intercepted. The results of this study are also consistent with what was 
found by Lv et al. [38], who stated that under the natural rainfall condition the surface runoff of forest 
land (360.3 m3/hm2) is smaller than that typical of wasteland (900.9 m3/hm2).  
Hosseini et al. [39] found that vegetation coverage plays an important role in reducing surface 
runoff. In our study, the vegetation coverage of broad-leaved mixed forest and shrub is larger than 
that of slope farmland, and the surface runoff of slope farmland is also larger than that of broad-
leaved mixed forests and shrubs, which is consistent with the results of Hosseini et al. [39]. This study 
shows that the soil porosity of the broad-leaved mixed configuration and shrub lands is larger than 
the one of sloping farmlands, while the soil bulk density of the broad-leaved mixed forests and shrubs 
is smaller than those of sloping farmlands, as summarized in Table 1. Shen [40] simulated a rainfall 
test and found that under the same soil conditions, the larger the soil bulk density and smaller the 
porosity, the denser the soil will become. This is consistent with the fact identified by this study that 
if the soil bulk density is small then there is a high possibility of interflow generation. Finally, Du et 
al. [41] pointed out that under the same rainfall intensity, the order of interflow follows the order: 
grass irrigation > herb > shrub > bare land. Further, they confirmed that the higher the surface 
coverage, the greater the interflow and smaller the surface runoff. In this study, the surface coverage 
of broad-leaved mixed forests and shrubs was greater than a typical sloping farmland. Our results 
have highlighted how this configuration enhances elevated interflows via higher infiltration rates 
and smaller surface runoff. 
4.2. Relationship Between Surface Runoff and Rainfall 
Results obtained in this study confirmed findings already available in previous studies: a 
positive correlation between surface runoff, sediment yield, and rainfall was found because surface 
runoff and sediment yield increased with the increase of rainfall recorded. This could be justified by 
the fact that during early rainfall stages, the soil moisture content is still low, and the soil is not fully 
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saturated, causing preliminary raindrops to fill empty soil pores without generating surface runoff. 
However, if the rainfall event continues and increases its intensity, the soil moisture content 
gradually reaches the saturated state and then starts to produce small streams of water. At this point, 
the rainfall infiltration speed is very close to the stable infiltration speed typical of the saturated soil 
and the surface runoff reaches the maximum value. This was also found by Chen et al. [42], who 
previously confirmed that the surface runoff is relatively small at the beginning of the rainfall event. 
Previous research conducted within the Sichuan yellow soil area [43] and soil in the Northwest 
Guizhou area [44] identified that when there is heavy rainfall, the kinetic energy of raindrops is large. 
This causes strong scouring effects on soil surface, leading to the accumulation of a large amount of 
surface sediment in the catchment, as confirmed by this study. According to the trend observed in 
Figure 13, there is a linear relationship between sediment yield and surface runoff, which may be 
caused by short duration and high intensity rainfall events. During intense rainfall events, the surface 
runoff is typically large and the erosion of the soil is more severe, resulting in a large amount of 
sediment carried within the surface runoff, which was found by Ai et al. [45]. Previously, Cao et al. 
[9] conducted a redundancy analysis on the environmental factors that impacted the surface runoff 
and sediment yield, and found that there was a negative correlation between the crown buffer kinetic 
energy, leaf area index, and stem flow and the sediment yield, among which the leaf area index was 
an important parameter linked to forest canopy closure. The larger the leaf area index, the larger the 
canopy density. Lin et al. [46] pointed out that the runoff and sediment yield were not affected by 
rainfall intensity and rainfall duration, which was different from one of the conclusions of this study, 
because Lin’s study mainly focused on low crops such as buckwheat flour and peanuts, while the 
object of this study was targeting tall and dense tree layers, which have an impact on the amount of 
runoff generation. 
5. Conclusions 
Infiltration rates can vary with rainfall intensity, runoff, and vegetated conditions. This study 
investigated rainfall trends between 2007 and 2018 in the Nverzhai basin, Hunan Province in China, 
focusing on the runoff generation under multiple vegetation covers. The wettest year recorded within 
this period was 2012 and the data recorded have confirmed that July was the wettest month in this 
region while January and December were the driest months.  
Significant results obtained can be summarized as follows: 
1. Surface runoff and sediment yield associated with different vegetation types gradually 
decreased after 2013, which is the direct result of the area’s afforestation process. Soil and water loss 
have recently decreased in the Nverzhai basin while water conservation has gradually increased.  
2. The surface runoff and sediment content recorded for the configuration of sloping farmland 
is the largest between all the investigated vegetation types, while the one measured for the broad-
leaved mixed forest, the coniferous mixed forest, and shrubs is the smallest. 
3. There could be a correlation between surface runoff, sediment content, and rainfall (R2 = 0.35). 
4. There is a linear relationship between surface runoff and sediment yield (R2 = 0.75), and 
considering that one of the major causes of surface runoff is linked to heavy rainfall events, in order 
to reduce the direct erosion of raindrops and reduce the source of runoff and sediment, a large 
number of broad-leaved trees, coniferous, and shrubs are highly indicated to be planted to enhance 
the soil resistance and reduction of kinetic energy associated with raindrops.  
Over the past few decades, global forests have had a dramatic change and the importance of 
including forest or vegetation change in the assessment of water resources under climate change has 
not yet been quantitatively examined across the globe despite being recognized by the 
Intergovernmental Panel on Climate Change (IPCC). The roles of vegetation cover and climate 
change (one of its consequences is associated with more frequent and intense rainfall events) must be 
considered in predicting and managing future global water resource changes. 
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